The research is focused on a novel aluminum and copper-containing heat-resistant steel. The steel was designed by the material performance simulation software JmatPro, performed high-temperature oxidation tests at 650 °C and 700 °C atmospheric conditions, and analyzed the high-temperature oxidation processes and its mechanisms.The phase transtions and surface morphology of the oxide films were studied using X-ray diffraction (XRD), electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). The results showed that the equilibrium phase of the test steel is composed of γ phase and δ phase at 1050 °C and tranforms to tempered martensite and δ-Fe mixed structure after heat treatment. The preferential oxidation of Fe and Cr and the internal oxidation of Al occurred during the high temperature oxidation of the test steel. The oxide films were formed with various shape and weak bonding properties after high-temperature oxidation at 650℃. To the contrary, the oxide films more regular and evenly distributed, and has a certain protective effect after high-temperature oxidation at 700 ℃. The oxide films were divided into two layers, Fe2O3 is main element in the outer layer, the inner layer is mainly consisting the oxide of Cr. However, the addition of Cu element can promote the diffusion of Al and Si elements, which is beneficial to the formation of Al2O3 and SiO2 protective oxide films and excellent in high temperature oxidation resistance.
INTRODUCTION
 "Energy, Environment and Development" are the three major themes that human face in the 21st century. At the same time, in the face of global energy shortage [1] , environmental pollution, global climate and other issues, ultra-supercritical units have become the main development direction of thermal power generating units [2, 3] . How to improve the thermal efficiency of the unit has always been a key issue [4] . The ultra-supercritical technology which continuously improves the steam pressure and the steam temperature of the boiler can not only improve the thermal efficiency of the unit, but also solve the problems of energy, environment, climate and development are an effective means [5, 6] . Now, the unit parameters of all countries in the world are developing to ultra-supercritical parameters (600 ℃, 30 MPa) or even higher [7, 8] . The United States, Europe, Japan, Britain, China and some other countries have all started the research of advanced ultra-supercritical technology at 700 ℃. With the continuous improvement of unit parameters, this poses more stringent requirements for heat-resistant steel for boilers. It is required that the boiler heat-resistant steel should have excellent high-temperature mechanical properties, high temperature oxidation resistance and high temperature molten salt corrosion resistance properties, processing performance and low cost and other characteristics [9, 10] , due to the long-term service under high temperature and high pressure, at the same time, the corrosion and oxidation of NaCl, Na2SO4 in the combustion chamber failed rapidly [11] . At the same time, it should have good welding performance and thermal conductivity.
At present, the service life of the heat-resistant steel is mainly improved by optimizing the chemical composition of the heat-resistant steel and improving the heat treatment process [12 -15] . In the previous research, some researchers increased the high temperature oxidation resistance and high-temperature mechanical properties by adding Al element to the heat-resisting steel, and a lot of researches have been done [16] , but at the same time, Al will cause the alloy's poor liquidity, the increase of the hard and brittle, which is not conducive to machining defects [17, 18] . However, the addition of Cu in the steel can not only improve the corrosion resistance of the steel, the cold workability and fatigue resistance of the alloy, but also improve the fluidity of the alloy liquid [19] .
In this paper, the composition of new heat-resistant steel was designed by material property simulation software JmatPro [20 -22] and the corresponding database. Al and Cu elements were added to improve the high temperature oxidation resistance and molten salt corrosion resistance of steel. A new heat-resistant steel containing Al, Cu was made through casting process. According to the phase transition process and microstructure of the test steel, the oxidation kinetics curves of the test steel at 650 ℃ and 700 ℃ in air, the surface morphology, phase and morphology of the oxide film were analyzed. The oxidation kinetic curves were nonlinearly fitted by mathematical models and their oxidation rate constants were obtained. The high temperature oxidation activation energy was calculated by the Arrhenius relationship. Its high temperature oxidation behavior was analyzed and the high temperature oxidation resistance of the materials was evaluated. All of this provide theoretical and experimental basis for the development of heat-resistant steel.
MATERIALS AND METHODS

Materials
In this experiment, a new high-vacuum arc melting furnace (Shenyang Scientific Instrument Co., Ltd.) was used to smelt a new heat-resistant steel containing aluminum and copper. After the heat-resistant steel is melting, the chemical composition of steel's was measured using the directreading spectrometer (Spectro MAXx from Germany) as shown in Table 1 .
Experimental method
The test steel was preheated in a high temperature box resistance furnace RJX-8-13: 1050 ℃ × 45min air cooled + 770 ℃ × 2 h cooled to 300 ℃ in the furnace, and then air cooled to room temperature. The test steel were cut into small pieces approximately 20 mm × 10 mm × 2 mm using wire cutting, polished with sandpaper and cleaned twice with ethanol and acetone, respectively. The kinetic curves of high temperature oxidation was determined by the cyclic oxidation test and discontinuous weighing method. The test would last 200 h in 650 ℃ and 700 ℃ in static air. And then test steels are take out from the furnace to do the test after 1 h, 4 h, 7 h, 10 h, 30 h, 50 h, 70 h, 90 h, 110 h, 140 h, 170 h, 200 h, respectively. After cooling to room temperature, the weight is weighed using an electronic analytical balance whose precision is 1 × 10 -4 g. The oxidation kinetics curve is drawn according to the oxidation weight per unit and oxidation time.
The test steel's microstructure observation is after its corrosion in an etchant, which contains 4g picric acid + 5 ml hydrochloric acid + 100 ml alcohol.The samples are put in the alumina crucible to do the high temperature oxidation test in MaoFu-heating resistance furnace SM-28-10. There are 10 mm holes on the door of the furnace to ensure the furnace has enough oxygen. Before each test, the alumina crucible must be heated to constant weight. The sample should be taken out at regular intervals to be weighed. The three samples should be selected for parallel experiment and the average should be taken. The microstructure and high temperature oxidation surface and cross section morphology of the test steel were observed using field emission scanning electron microscope (MX2600FE). The composition of the steel were studied by energy dispersive spectrometer (EDS), X-ray diffraction (XRD) technique was carried out to identify oxide film of the test steel after being oxidized at 650 ℃ and 700 ℃ in air for 200 h. with Cu Kα radiation (λ = 1.5406 Å) and 2θ scan between 20° to 90°.
RESULTS AND DISCUSSION
The thermodynamic equilibrium phase and microstructure of the test steel
After the calculation of the material performance by simulation software JmatPro, the relationship curve between the amount of precipitation of each phase in the test steel and the temperature is drawn, as shown in Fig As can be seen from Fig. 1 , the equilibrium phase of the test steel build up by α, M23C6, G phase, Laves phase and a small amount of Cu phase and AlN, MNS phase. By JmatPro analysis, carbides M23C6 mainly contains chromium and molybdenum alloy elements, G phase was nickel, manganese, silicon intermetallic compounds, Laves phase was molybdenum, iron, chromium intermetallic compounds.
Analysis of the phase diagram of the test steel shows that the test steel has a melting point at 1400 ℃ and the crystallization process is as follows: the homogenization transformation (L → δ) begins to crystallize δ ferrite from the liquid phase in the first, with a small amount of AlN precipitated subsequently, and there is no significant changes when the crystallization are completed at 1497 ℃. When the δ ferrite mass fraction reaches 99 %, the remaining liquid and δ phases begin to undergo peritectic transformation (L + δ → γ) to generate γ phase until the liquid phase disappears, and then γ phase was formed by allotropic transformation (δ → γ). γ phase accounts for 61 % and δ phase accounts for 38 % at 1020 ℃.
With the decrease of temperature, the allotropic transformation of γ phase to α phase ferrite begins to occur until 840 ℃; at the same time, the carbides M23C6 began to precipitate from the γ phase when the temperature was lower than 960 ℃. The Cu-rich phase and the Laves phase precipitated from the remaining δ phase at 620 ℃, and the G phase began to precipitate at 440 ℃ finally. Fig. 2 shows the results of analysis of scanning electron microscopy and element distribution of the steels after heat treatment. It can be concluded that: the test steel after heat treatment is the high temperature tempered martensite and a small amount of δ-Fe mixed tissue, the element distribution results indicated that the iron-rich and chromium intermetallic compounds, suspected as Laves phase, were found at martensite and the boundary of δ-Fe (point A). There were dark lumps (point B) in the δ-Fe structure, doubt is AlN phase. Similarly, an irregular phase (point D) was found inside the δ-Fe structure, which is suspected as a nickel-manganese-silicon intermetallic compound named G phase; and round granular phase precipitates at the original austenite grain boundaries (point C), is found to be like M23C6 type carbide, and the results of energy spectrum analysis and JmatPro calculation is consistent. However, due to instrument limitations, the energy spectrum analysis is insufficient to determine the phase composition.
High temperature oxidation kinetics
The oxidation kinetics curves of the test steel after being oxidized at 650 ℃ and 700 ℃ for 200 h are shown in Fig. 3 . No peeling off of the oxide film was observed during the test, indicating that the oxidation resistance of the test steel is good. The average oxidation rate of the test steel at 650 ℃ is 0.0716 g/m 2 h, and the average oxidation rate at 700 ℃ is 0.0913 g/m 2 h. Based on the oxidation resistance of the superalloy and the high temperature protective coating [23] , the average oxidation rates of the test steels were all less than the first level of full oxidation resistance ( 0.1 g/m 2 h). After the oxide film completely covered the metal surface, the metal and the atmosphere is separated during the high temperature oxidation process, so ions and electrons must be transmitted through the oxide film to continue the reaction.
Fig. 3. Test steel's high temperature oxidation dynamic curve
Oxygen in the atmosphere diffuses through the oxygen/oxide film interface, and the physically adsorbed molecular oxygen becomes atomic oxygen, which undergoes chemical adsorption to become O -, and then is incorporated into the oxide lattice in the form of O 2-, whereas in the oxide film/metal interface, the metal is ionized into M
2+
, and some metal cations migrate to the oxygen/oxide film interface through the oxide film, or oxygen anions migrate to the oxide film/metal interface through the oxide film to make the oxidation reaction continued [24] . In this experiment, due to the atmospheric environment, oxygen in the atmosphere transmit to the surface of the oxide film is very fast, and electron or electron hole transport in the oxide film is far greater than the number of ion transport, so the metal cations, oxygen anions through the transfer of the oxide film becomes a control step of the oxidation process.The oxidation kinetics curve shows that the oxidation rate is faster at the initial oxidation stage because the oxide film has not fully covered the metal surface, and the increase of temperature is favorable for the ions or electrons to pass through the oxide film to accelerate the oxidation rate.
Fig. 2. Microstructure and element distribution of test steels after heat treatment
Although the increase of the temperature aggravates oxidation degree, but it is conducive to the rapid formation of dense and complete oxide film, and slowing the oxidation reaction. During the oxidation process at 650 ℃, the oxidation rate of the test steel is slow, and a dense and continuous protective oxide film can not be formed as soon as possible. Therefore, the kinetic curve shows a gradual increase in weight, while at 700 ℃, the oxidation rate obviously accelerated and formed a protective oxide film quickly. Therefore, the rate of weight gain per unit area in the first 50 h was large, and the weight gain showed a stable trend after 150 h. The main reason was the temperature has improved the migration speed of positive and negative ions through the oxide film at the initial stage of oxidation.
Oxide phase
The XRD phase analysis of the surface oxide film of the test steel after oxidation for 200h under the atmospheric environment was carried out. The results are shown in Fig. 4 . It can be seen that the oxide film on the surface of the test steel mainly consists of Fe2O3 and some other oxides, and the diffraction peak of the test steel is not found, indicating that the oxide film has completely covered the substrate. The diffraction peak of the test steel after oxidation at 700 ℃ for 200 h is stronger than that of 650 ℃, indicating that the oxidation is more serious, which is consistent with the result of oxidation kinetics analysis. 
The surface of the oxide film and crosssectional morphology
Test steel after oxidizing 200 h at 650 ℃, 700 ℃, the morphology of the oxide film surface is shown in Fig. 5 .As can be seen from the figure, the surface oxide film morphology of the test steel is different. After being oxidized for 200 h at 650 ℃ (Fig. 5 a) , the oxide film on the surface has different shapes which is massive, granular and small amount of stick. At the same time, the bonding between the oxide films is weaker and some are hollowed. Combined with the oxidation kinetics curve, it can be seen that the oxide film has a weak protective effect on the matrix and will cause the continuous oxidation of the material. However, when the test steel is oxidized for 200 h at 700 ℃ (Fig. 5 b) , the surface of the oxide film is relatively flat without any obvious irregularities, and the shape of the oxide film is uniform, well-distributed and dense which can protect the material. The EDS analysis showed that the main oxide of the test steel was mainly Fe2O3, which was consistent with the phase analysis of the oxide film. a b Test steel after high temperature oxidation 200 h in the atmospheric environment, the oxide film cross-sectional morphology and EDS analysis is shown in Fig. 6.   Fig. 6 . The high temperature oxidation section morphology and EDS analysis of test steel: a -morphology and elemental analysis of the oxidation profile at 650 ℃; b -morphology and elemental analysis of the oxidation profile at 700 ℃ As can be seen from the figure, the oxide film is divided into two layers after high temperature oxidation, the outer layer is mainly composed of Fe, the inner layer is mainly Cr, and the inside of the oxide film has some cracks and voids;oxidation film with high temperature oxidation at 650 ℃ has a poor adhesion with the matrix and have deeper cracks (Fig. 6 a) , which increases the diffusion channels of external oxygen atoms and the matrix can be further oxidized, which is consistent with the oxidation kinetics curve; the oxide film formed at 700 ℃ (Fig. 6 b) is dense and continuous with no deep cracks and voids inside, which has a certain protective effect on the substrate.
High temperature oxidation activation energy
The oxidation kinetics curves of the test steels are nonlinearly fitted by the mathematical model of the kinetic parabolic equation of high temperature oxidation
where W is the weight change per unit area of the test steel;
t is the oxidation time; Kp is the growth rate of the oxide film; C is the integral constant. The fitting results are shown in Table 2 . By comparing the results with the data of the growth rate constants of oxide films, it is found that the increase of temperature accelerates the oxide film's grow of the test steel. 
where Kp is the growth rate constant of oxide film; Q is the activation energy of oxidation reaction; R is the gas constant, T is absolute temperature and A is constant. According to the fitting results in Table 2 , the growth rate constants and absolute temperature of the oxide film are brought into the Arrhenius law expression, and the constants and the oxidation activation energies of the steel are obtained, and the relationship between the growth rate constant of the oxide film and the absolute temperature is obtained. ).
The parameters and the relationship between parabolic oxide film growth rate constant and temperature was obtained through the Eq. 3 and Eq. 4 as shown in Table 3 . The calculation results show that the designed high temperature oxidation activation energy of novel aluminum, copper heat-resistant steel is 146 kJ/mol, which is higher than the Co-Al-W alloy whose abbreviation is 2Ti in [28] . And shows excellent high-temperature oxidation resistance performance.
Discussion
Based on the analysis of the experimental results, it can be concluded that due to the smooth surface of the test steel and the oxidation process controlled by the chemical reaction mechanism during the initial oxidation stage, the oxidation rate is extremely high and the weight gain is obvious. With the continuous of the oxidation progresses, when a complete oxide film is formed on the surface, the oxidation rate gradually decreases and the weight gain slows down. At this time, the oxidation is controlled by the elemental diffusion mechanism. As shown in Fig. 3 , due to the influence of different mechanisms during different stages of oxidation, the rate of matrix reacted with air at the initial stage is significantly higher than the latter ions diffusion [30] . At the initial stage of oxidation, the selective oxidation of Fe and Cr occurred mainly due to the high content of Fe and Cr [31] , and at the same time, the activity of Al was higher and internal oxidation occurred [32] . Under the high temperature of 700 ℃, the migration rate of positive and negative ions was accelerated, what's more, Cu element can promote the diffusion of Al element [33] . A protective oxide film of Al2O3 is formed rapidly by the diffusion of oxygen and Al [34, 35] . As shown in Fig. 6 b, EDS analysis results shows, the inner layer of the oxide film has a thin layer of Al2O3, which can effectively prevent oxygen from diffusing inward to protect the substrate [36] . According to the distribution of Si element, it can be concluded that Cu element can promote the diffusion of Si element, thus forming SiO2 oxide to increase the compactness of the inner layer Cr2O3 oxide film. With the continuous oxidation process, the iron ions in the matrix continue to diffuse outward to form the double oxide film whose main content is Fe2O3 [37] , while the outward diffusion of iron ions caused the formation of vacancies. Finally a crack was formed.
CONCLUSIONS
The new heat-resistant steel was designed at 1050 ℃, the equilibrium phase is constituted by the γ phase and δ phase. It will become a high temperature tempered martensite and δ-Fe mixed microstructure after the heat treatment, which is consistent with the microstructure analysis of the test steel. The oxidation resistance levels of all samples at 650 ℃ and 700 ℃ for 200 h belong to the standard of complete oxidation (< 0.1g/m 2 h), which is consistent with the service requirements of heat-resisting steel. The purpose of alloying was achieved. Oxidation kinetics curve follows the parabolic law, and the activation energy was 146 kJ/mol. The experiment indicates that: adding Cu to steel, diffusion of Al and Si elements can be promoted, the protective oxide films of Al2O3 and SiO2 can be formed on the surface. Meanwhile, the density of the Cr2O3 inner layer oxide film was increased. After high temperature oxidation, the oxide film is excellent in anti-spalling properties. The structure is divided into two layers. The outer layer is mainly composed of Fe2O3 and the inner layer is mainly composed of Cr. At the same time, there is Al2O3 and SiO2 protective film layer, which play a protective role on the substrate, it has excellent antioxidation properties.
